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AGE ESTIMATION USING THE STERNAL END OF THE CLAVICLE: A TEST 
OF THE FALYS AND PRANGLE (2014) ARCHAEOLOGICAL METHOD FOR 
FORENSIC APPLICATION 
 
MEGHAN PRICE  
ABSTRACT 
 Age estimation is a critical component of the biological profile in forensic and 
bioarchaeological contexts.  The majority of age estimation methods are most accurate 
for individuals of younger age cohorts, typically those under 40 years of age.  Skeletal 
degeneration can vary greatly between individuals, making age estimation less accurate 
for adult individuals.  While there are some methods that attempt to age older individuals 
accurately and precisely, more research must be conducted to expand the range of 
methods available.  Falys and Prangle (2014) developed a method for estimating age in 
individuals over the age of 40 using three degenerative characteristics of the sternal end 
of the clavicle: (1) surface topography, (2) porosity, and (3) osteophyte formation. 
In order to test their method, a sample of 1,510 individuals of known sex and age, 
ranging from 20 to 101 years of age (males: n = 1112, mean = 50.57, SD = 18.015; 
females: n = 398, mean = 53.065, SD = 20.358), were drawn from the McCormick 
Collection and the William M. Bass Donated Skeletal Collection at the University of 
Tennessee.  Due to the paucity of remains of other ancestries, only individuals of reported 
White ancestry were used in this study.  
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The two estimation methods proposed in Falys and Prangle (2014), regression 
equation and composite score, were tested to see how well they perform when applied to 
a different sample population than the populations used to develop the method.  When 
applied to the collected data, the regression equation produced age estimations that fell 
within the 95% confidence interval in 47.6% of the male sample and 57.4% of the female 
sample.  Composite scores were calculated and compared to the corresponding age 
ranges provided in Falys and Prangle (2014).  The composite scores of the male sample 
estimated the age of an individual more accurately than the composite scores of the 
female sample (male = 65.9%; female = 58.8%).  The lowest estimation accuracy for 
both males and females was between 70-79 years of age (male = 46.0%; female = 
51.4%).  From 80-89 years of age, the accuracy increased for males (76.4%) and females 
(69.4%).  
The sample also included individuals under the age of 40 in order to test whether 
the inclusion of clavicles with recent epiphyseal union would affect the applicability of 
the Falys and Prangle (2014) method.  Multiple regression equations were generated: (1) 
individuals over 20 years of age, (2) individuals over 30 years of age, and (3) individuals 
over 40 years of age.  The results from the multiple regression analyses show comparable 
Pearson’s coefficients for the above mentioned equations (r = 0.690, r = 0.632, and r = 
0.611, respectively).   
Spearman’s rank correlation coefficients indicated a correlation significant at the 
0.01 level for all three components individually, as well as the composite score.  Of the 
three components, surface topography was most strongly correlated with age for both 
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males (r = 0.643) and females (r = 0.590).  Unlike the findings of Falys and Prangle 
(2014), porosity was found to be the least correlated with age for both males (r = 0.474) 
and females (r = 0.514).  In addition, when broken down into ten year intervals (40-49, 
50-59, etc.), the correlation coefficients increase with advancing age.  This suggests that 
the method becomes more accurate as the age of an individual increases. 
The inter-observer and intra-observer agreement tests produced very low 
agreement values.  The low observer agreement indicates that the current scoring method 
is not a reliable, repeatable technique. However, when examined further, the observed 
trait values that differed between the tests primarily differed by one score. These results 
suggest that condensing the scores in order to account for more variation would likely 
increase the observer agreement. However, condensing the scores would result in larger 
age intervals, which nullifies the purpose of this method. 
The findings in the present study indicate that the sternal end of the clavicle has 
potential for use in age estimation in older individuals.  Although the present study 
produced lower correlation coefficients than proposed by the original study in 2014, the 
correlations and age-at-transition test results suggest that the sternal end of the clavicle 
deteriorates in a predictable manner that, with more observation and understanding, could 
be used to accurately age older individuals more precisely than the large age intervals 
currently in use.  Despite the correlations between the degeneration of the sternal end of 
the clavicle and the age-at-death, the error rates suggest it is not a reliable alternative to 
the current methods used. 
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CHAPTER 1:  INTRODUCTION 
 
The ability to estimate an individual’s age at the time of death is a critical 
component of biological anthropology that is applied in both forensic and 
bioarchaeological contexts.  In a forensic anthropological context, age-at-death 
estimation is one of the four main components of the biological profile (Algee-Hewitt 
2013; Buikstra and Ubelaker 1994; Garvin et al. 2012).  Estimating age can aid in the 
identification of an individual in a medicolegal investigation.  Age-at-death is arguably 
the most specific variable for narrowing potential ‘positive’ identities (Algee-Hewitt 
2013).  The narrower the estimated age interval, the more useful the skeletal analysis may 
be for the medicolegal investigators in an identifying an individual.  
Age estimations in forensic anthropology are made using either predictable 
developmental stages in younger individuals (Black and Scheuer 1996; Langley-Shirley 
and Jantz 2010; Moores et al. 1963; Scheuer and Black 2000; Shirley and Jantz 2011; 
Webb and Suchey 1985) or predictable degeneration patterns of skeletal traits in older 
individuals (Berg 2008; Brooks and Suchey 1990; Hartnett 2010a; 2010b; İşcan et al. 
1984; Lovejoy et al. 1985).  Human variation hinders the ability to create concise age 
intervals, specifically in older individuals.  This contributes to the tendency to underage 
older individuals (Aykroyd et al. 1997; Garvin et al. 2012). 
Research on age estimation has increased significantly in recent years with the 
development of macroscopic, three-dimensional, and histological approaches (Algee-
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Hewitt 2013).  Despite the recent refinement of methods, aging older individuals 
accurately and precisely remains problematic.  Many methods that have been used for 
estimating age-at-death include small, relatively precise age intervals for the earlier 
phases, while the later age intervals become progressively larger and less precise.  For 
example, Brooks and Suchey (1990) include 95% confidence intervals ranging 10 to 20 
years for the younger phases, while the older phases have associated age intervals ranging 
from 40 to 60 years.  The original İşcan et al. (1984) method includes age intervals 
ranging from 2 to 10 years for the earlier phases, and 30 to 40 year intervals for the later 
phases.  
Recent improvements have been made to the main methods used for aging older 
individuals in order to decrease the intervals provided for the later phases.  Hartnett 
(2010a) includes 30 to 40 year intervals for the final age phases, an improvement from 
Brooks and Suchey (1990).  Hartnett (2010b) revised the İşcan et al. (1984) method and 
produced age intervals that range 10 to 30 years for the later stages.  Although these 
revised methods provide more precise older age intervals than the originals, a 30 to 40 
year range is not very informative in a forensic investigation.  According to the 2010 
census, 39.4% of the United States population is over 45 years old and 13% are over the 
age of 65 years (U.S. Census Bureau).  Although these percentages may seem small, age 
intervals spanning 30 to 40 years in these upper age ranges could apply to up to 40% of 
the population.  The use of such encompassing age intervals is not practical or effective 
in creating a promising biological profile.  
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 Age Estimation in Bioarchaeology  
In bioarchaeological contexts, age estimation can be used to understand 
demographic patterns, both synchronically and diachronically.  Specifically, age 
estimation using life-course methodology can be used to examine the age identity of 
prehistoric societies (Gilchrist 2004; Moore 2009).  Life course perspectives in 
bioarchaeology attempt to examine transitions between age groups in relation to social 
perceptions and treatment of the biological aging process (Gilchrist 2004; Hoppa and 
Vaupel 2002; Moore 2009).  Until recently, archaeological research has not emphasized 
the importance of producing accurate and precise age estimations for older individuals, 
despite the impact this information could have on the interpretation of past societies 
(Appleby 2010; Cave and Oxenham 2014; Gowland 2002; Gowland 2015; Hoppa and 
Vaupel 2002; Walker et al. 1988).  
Age-at-death estimates can provide valuable insight into basic demographic 
parameters of particular archaeological contexts, power relationships among and between 
groups, and the relationships between age and identity (Appleby 2010; Cave and 
Oxenham 2014; Gowland 2002; Gowland 2015; Hoppa and Vaupel 2002; Moore 2009; 
Walker et al. 1988; Welinder 2001).  For example, Gowland (2002) compared estimated 
age-at-death of skeletal remains from fourth- to sixth-century England to burial contexts 
in order to analyze the cultural attitudes toward the aging process.  If age and identity are 
not considered when analyzing archaeological evidence, archaeologists may apply 
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current age norms to prehistoric societies, increasing the likelihood of misinterpretation 
(Gowland 2002). 
In bioarchaeology, age estimation methods for older individuals are limited 
because of a lack of available skeletal material.  Skeletal remains from older individuals 
may not be preserved as well as remains of young adults, creating a bias toward the 
young adult age ranges (Kemkes-Grottenthaler 2002; Walker et al. 1988).  For example, 
Walker et al. (1988) compared burial records to the skeletal remains from Mission La 
Purisima and Ca-Ven-110 and found that the skeletal remains indicated predominately 
young adults, while the records showed mostly infants or elderly adults.  This 
underrepresentation of mature adult specimens in the study of past populations creates a 
skewed understanding of the population demographics; therefore, there is strong need to 
include older individuals in the age at death estimation methods applied to archaeological 
remains, in order to better understand the appearance older individuals from 
archaeological contexts (Aykroyd et al. 1997).   
 
Chronological vs. Biological Age  
The lack of precision in aging older individuals is primarily caused by the 
discordance between the chronological and biological age of the individual (Garvin et al. 
2012; Nawrocki 2010).  Chronological age is defined as the time since birth that has 
passed, based upon the calendrical year.  The chronological age is strictly dependent 
upon time passing; external factors have no influence on this version of age.  Biological 
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age is defined as the physiological state of an individual, based upon the biological 
processes that are occurring within the body (Hoppa and Vaupel 2002).  Biological age 
therefore is not strictly correlated with chronological age, and considerable variation is 
found between individuals.  The biological age of an individual is dependent on many 
environmental and genetic factors that accumulate over time.  Therefore, despite the 
general correlation between the chronological and biological ages, as chronological age 
increases, the extrinsic factors multiply, creating greater variation between the biological 
and chronological age.  For this reason, broader age ranges are necessary for older 
individuals (Gavin et al. 2012; Hoppa and Vaupel 2002; Uhl 2013). 
Although skeletal remains are affected by aging, each skeletal element is affected 
differently, making it difficult to create a standard method of estimating age at death of 
mature adult individuals (Kemkes-Grottenthaler 2002).  Documented age markers 
become progressively less effective after maturity is reached, because changes become 
less distinct and more variable (Angel 1984).  Since the last stage of the human lifespan 
is characterized by highly degenerative changes, excluding them in the age at death 
estimation methods creates an underestimation of age phenomena (Algee-Hewitt 2013; 
Kemkes-Grottenthaler 2002).  This is a commonly occurring trend within age at death 
estimation techniques due to the nature of aging (Berg 2008; Hartnett 2010a; 2010b; 
Lovejoy et al. 1985; Shirley-Langley and Jantz 2010).    
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Bioarchaeological vs. Forensic Age Estimation  
 Despite using the same skeletal materials, age estimation methods for 
bioarchaeological and forensic applications are not always interchangeable.  As 
mentioned above, skeletal remains of older individuals do not preserve as well as younger 
remains in the archaeological record (Appleby 2010; Aykroyd et al. 2012; Kemkes-
Grottenthaler 2002).  Therefore, commonly used aging methods using bones that do not 
preserve well, such as the pubic symphysis, may not be applicable to a set of 
archaeological remains like it would be in most forensic contexts (Appleby 2010; Walker 
et al. 1988).  Research into less commonly used skeletal features for age estimation 
would benefit both bioarchaeological and forensics cases where commonly used skeletal 
traits are unavailable.  
 In addition to issues with preservation, secular change might affect the accuracy 
of a method.  Secular change has been well documented in different aspects of 
development, such as menarche and maturation (Himes 1984; Hwang et al. 2003; Kim et 
al. 2008; Kreitner et al. 1998; Maresh 1972).  Langley-Shirley and Jantz (2010) state that 
secular change should be expected in skeletal maturation.  The results of their study show 
that secular change can be seen in the epiphyseal union of the medial clavicle.  
Epiphyseal union begins four years earlier in the modern American population than those 
from the beginning of the 20th century (Langley-Shirley and Jantz 2010).  Although this 
study only looked at secular change within a hundred year span, the results support the 
need for more research into the effects of secular change on aging techniques.  
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Falys and Prangle (2014)  
Falys and Prangle (2014) developed a method for estimating age at death of 
individuals over the age of 40 years using changes to the sternal end of the clavicle that is 
reported to be accurate, or close to the actual age of the individual.  The method used the 
sternal end of the clavicle, similar to studies by Shirley-Langley and Jantz (2010) and 
Walker and Lovejoy (1985).  Falys and Prangle (2014) implemented a scoring system 
using three components of the medial articular surface of the clavicle (see Chapter 3).  
They used clavicles from four different collections: Hamman-Todd in Cleveland, Pretoria 
in South Africa, St. Bride’s in London, and Coimbra in Portugal.  Their method was 
developed for use in an archaeological context, and the promising results suggested that 
this method could potentially be used to estimate age beyond the traditional ‘mature’ age 
categories found in some methods.  
While this method was developed to estimate age better in archaeological 
specimens, it may be a useful method in a modern forensic context.  Accordingly, the 
present study tested the validity of the Falys and Prangle (2014) method of age estimation 
using the degeneration of the sternal end of the clavicle on a modern American sample.  
Three characteristics were examined:  (1) surface topography, (2) porosity, and (3) 
osteophyte formation.  Surface topography is the general texture of the articular surface.  
Porosity is measured as microporosities (small perforations less than 1 mm in diameter) 
and macroporosities (perforations more than 1 mm).  Osteophytes are bony protrusions 
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that grow on the articular surface.  According to the authors, these three characteristics 
become more prevalent as the individual ages. 
The hypothesis of this current study is that the Falys and Prangle (2014) method 
of age estimation can be applied to another modern sample and produce similarly 
accurate results.  This study tested the applicability of the three characteristics listed 
above as strong indicators of age-at-death in individuals aged above 40 years.  In 
addition, this study tested the validity of the Falys and Prangle (2014) method’s narrower 
age ranges for later stages. 
Chapter 2 presents previous research on age estimation methods that are 
commonly used in forensic anthropology.  This chapter separates the methods into the 
broad categories: microscopic and macroscopic.  Following the breakdown of methods, 
previous age estimation research utilizing the clavicle is discussed.  The chapter 
concludes with a thorough discussion of the Falys and Prangle (2014) method for age 
estimation using the clavicle.  
Chapter 3 describes the materials and methods used in this study.  This chapter 
introduces the collections used for the study sample, and describes the process followed 
during the collection of data.  The chapter ends with a discussion of the statistical 
analyses conducted using the sample data.  
Chapter 4 presents the results, including the statistical analyses.  This chapter 
reports the results from the validation study and compares them to the results obtained 
from the sample-specific age intervals and regression equations. The chapter discusses 
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the uses of several statistical tests in order to determine the accuracy of the methods, level 
of agreement between observers, and age at which one stage of degeneration transitions 
to the next stage.  This chapter also addresses questions regarding the effects of the 
individual’s sex or handedness on the degeneration process.  
Chapter 5 includes a discussion of the results derived from the statistical analyses 
of accurate classification, correlation with age, age-at-death transition, and observer error. 
The chapter addresses concerns about observer agreement and the accuracy of the 
methods. The results were evaluated in relation to previous research to see how it 
compares to other methods such as Hartnett (2010).  
Chapter 6 concludes the research, drawing together the findings discussed in the 
previous two chapters, as well as discussing the implications of these findings for the 
advancement of age estimation in older individuals.  This chapter will discuss potential 
future directions for research into the utility of the clavicle and further development of 
age estimation techniques.  
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CHAPTER 2:  PREVIOUS RESEARCH 
 
There are numerous aging estimation methods, each using different osteological 
features and methodologies (Brooks and Suchey 1990; Gustafson 1950; İşcan et al. 1984; 
Kerley 1965; McKern and Stewart 1957; Lovejoy 1985; Stout and Paine 1992; Todd 
1920).  Depending on the preservation of the skeletal remains, different methods are 
more applicable than others.  Some of the most common methods for estimating age-at-
death use histology (Kerley 1965; Stout and Paine 1992; Schultz 2001), dentition (Bang 
and Ramm 1970; Gustafson 1950; Lamendin et al. 1992), or morphological features of 
skeletal elements such as the pubic symphysis (Brooks and Suchey 1990; Hartnett 2010; 
McKern and Stewart 1957), auricular surface (Lovejoy et al. 1985; Buckberry and 
Chamberlain 2002), and sternal rib ends (Hartnett 2010; İşcan et al. 1984). 
 
Microscopic Age Estimation 
Histological age-at-death estimation methods are the most effective techniques 
when identifying fragmentary remains (Stout and Paine 1992).  Due to their destructive 
nature, microscopic age estimation methods should be limited in cases where complete or 
undamaged remains are not present (Chan et al. 2007; Matrille et al. 2009).  Microscopic 
methods have been used since Kerley (1965) first developed a bone histology aging 
method.  Kerley (1965) used four histological features found in thin sections of long 
bones: number of osteons, number of osteon fragments, circumferential lamellar bone, 
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and number of non-Haversian canals.  The Kerley (1965) method is applicable for the 
whole life span of the individual, but it becomes less accurate as the bone reaches the 
stage of degeneration.  As a result of the wide range of applicability, Kerley (1965) has 
become the foundation for other research in estimating age-at-death histologically 
(Ericksen 1991; Lee et al. 2014; Simmons et al. 1991; Stout and Paine 1992).  
Stout and Paine (1992) estimated age using osteon population densities of the rib 
and clavicle.  Three age estimation formulae were created: one for the rib, one for the 
clavicle, and one for both the rib and clavicle combined.  The mean difference between 
the actual and predicted ages were 1.1 years (clavicle), 2.6 years (rib) and 3.4 years 
(combined).  More recently, Lee et al. (2014) used histomorphometry of the clavicle to 
estimate age-at-death.  The study used 46 right clavicles from Korean cadavers to 
examine three histomorphometric variables: relative cortical area, osteon population 
density, and the mean osteon area.  Lee et al. (2014) identified a reliable equation for age 
estimation using the three histomorphometric measurements.  
 
Macroscopic Age Estimation: Dentition 
The use of dentition for estimating the age-at-death has been critical in forensic 
and bioarchaeological contexts, especially when only the skull is present for analysis 
(Prince and Ubelaker 2002).  Teeth are the hardest structures in the body and preserve 
very well compared to other skeletal remains (Guatelli-Steinberg and Huffman 2012; 
Gustafson 1950; Prince and Ubelaker 2002).  For this reason, using dentition can be the 
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most viable method in numerous bioanthropological contexts.  There is a wide array of 
dental age estimation methods, incorporating different characteristics of teeth and 
spanning the entire lifespan (AlQahtani et al. 2010; Gustafson 1950; Lovejoy 1985; 
Murphy 1959a; Powell 1985; Prince and Ubelaker 2002; Scott 1979; Smith 1984; 
Ubelaker 1989a; Walker et al. 1991). 
One of the first attempts at using dentition for age estimation was Gustafson 
(1950).  Gustafson devised a method using six criteria of teeth: attrition, secondary 
dentine, cementum apposition, root resorption, periodontosis, and root dentine 
translucency.  Gustafson recorded a standard error of 4.5 years; however, this result has 
never proven replicable.  Further research revised the standard error to a more 
reproducible conclusion of 7.03 years (Tang et al. 2014).  Despite the unreproducible 
error, numerous age estimation methods have been developed which stem from the 
original characteristics defined in Gustafson (1950).  
Two promising methods using characteristics from Gustafson (1950) are Bang 
and Ramm (1970) and Lamendin et al. (1992).  Bang and Ramm (1970) focused strictly 
on root dentin translucency as an indicator of age.  Lamendin et al. (1992) is the more 
commonly used of the two and combines root dentin translucency and periodontal 
recession in a linear regression to determine age (Lamendin et al. 1992; Prince and 
Ubelaker 2002).  Both methods show a strong correlation between these dental features 
and age (Bang and Ramm 1970; Lamendin et al. 1992; Prince and Ubelaker 2002).  
Drawbacks include, however, the limitations of using single rooted teeth, advanced 
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periodontal recession due to diseases, and errors in determining the measuring points for 
root dentin translucency (Bang and Ramm 1970; Lamendin et al. 1992; Prince and 
Ubelaker 2002). 
Dental development and eruption are commonly used factors for assessing 
maturity and estimating chronological age.  Several charts have been developed to show 
the sequence of formation and eruption of teeth (AlQahtani et al. 2010; 2014; Schour and 
Massler 1941a; b; Ubelaker 1989a).  The Schour and Massler (1941a; b) atlas consists of 
21 stages of the development of teeth from in-utero to adulthood.  This method has been 
criticized for a lack of information regarding the materials and method, as well as having 
small age ranges and undefined eruption levels and stages (AlQahtani et al. 2014).   
Ubelaker (1989a) developed a more reliable chart that improved the age ranges 
for each stage depicted.  Unlike the atlas created by Schour and Massler (1941a; b), 
Ubelaker (1989a) thoroughly documented the sample and method used to create the 
chart.  The London Atlas was developed to estimate age using both alveolar eruption and 
tooth development of individuals ranging from 28 weeks in utero to 23 years old 
(AlQahtani et al. 2010).  When applied to the same sample, all three methods under-
estimated age, but the London Atlas was found to perform better than the other two 
methods (AlQahtani et al. 2014).  However, the age ranges provided in the AlQahtani et 
al. (2010) atlas are 100% uniform, and therefore are not capturing normal sample 
variations.   
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Dental attrition has been utilized for age-at-death estimation in various studies 
(Brothwell 1989; Lovejoy 1985; Murphy 1959a; Murphy 1959b; Powell 1985; Smith 
1984; Walker et al. 1991).  Dental wear has been observed and scored in several systems, 
stemming from the Murphy (1959b) system.  Smith (1984) modified the Murphy (1959b) 
system, creating eight stages for each type of tooth: molars, premolars, incisors and 
canines.  When scoring the molars, Smith (1984) lacks discrimination in the low to 
moderate attrition rates.  Scott (1979) developed a ten-point scoring system for the molar 
occlusal surface.  The occlusal surface is divided into four quadrants that are scored 
individually and added together to get a score ranging from four to forty.  
Another technique for estimating age-at-death for middle-aged and elderly adults 
utilizes cementum annuli.  Cementum is an avascular calcified connective tissue that 
covers the root of a tooth and serves as an anchor for the gingival and periodontal fibers 
(Condon et al. 1986; Grosskopf and McGlynn 2011; Gupta et al. 2014; White et al. 
2012).  Adapted from existing zoological aging techniques, this method uses the number 
of cementum layers on the root to estimate the age of the tooth (Aggarwal et al. 2008; 
Condon et al. 1986; Gupta et al. 2014; Stein and Corcoran 1994).  In order to calculate 
age-at-death, the total number of cementum annulations, or layers, are counted and added 
to the estimated age of eruption for that tooth.  There are a several problems with the use 
of this method (Grosskopf and McGlynn 2011).  Antemortem partial resorption of the 
cementum can occur, obstructing the number of cementum annuli present.  Therefore, the 
annuli count could differ depending on where the sample is taken on the tooth.  
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Cementum is softer than dentin and consists of approximately 45-50% hydroxyapatite by 
mass (White et al. 2012).  As a result, the cementum is easily destroyed postmortem, 
making this technique unreliable when the length postmortem time is unknown.  
 
Other Macroscopic Age Estimation Methods 
Most relevant to the present research are macroscopic methods that utilize 
morphological changes associated with age-related degeneration.  Macroscopic age-at-
death estimation methods can be traced back to Todd (1920) and Todd and Lyon (1924).  
Their work with phase-based age estimation from the pubic symphysis (Todd 1920) and 
cranial sutures (Todd and Lyon 1924) laid the foundation for other studies of age 
estimation.  Today, some of the most well-known and commonly used age estimation 
methods fall within this category (Berg 2008; Brooks and Suchey 1990; Buckberry and 
Chamberlain 2002; Hartnett 2010a; 2010b; İşcan et al.1984; Lovejoy et al. 1985; 
Osborne et al. 2004).  Macroscopic age estimation methods use skeletal traits and 
morphological features such as epiphyseal fusion (Langley-Shirley and Jantz 2010; 
Suchey et al. 1984; Webb and Suchey 1985), the pubic symphysis (Berg 2008; Brooks 
and Suchey 1990; Hartnett 2010a), auricular surface (Lovejoy et al. 1985; Buckberry and 
Chamberlain 2002; Osborne et al. 2004), and sternal rib ends (İşcan et al.1984; Hartnett 
2010b).   
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Epiphyseal Fusion  
Epiphyseal union and fusion of primary ossification centers have been used to 
estimate age for juveniles and young adults (Albert and Maples 1995; Brothwell 1981; 
Krogman and İşcan 1986; Langley-Shirley and Jantz 2010; McKern and Stewart 1957; 
Redfield 1970; Shirley and Jantz 2011; Steele and Bramblett 1988; Suchey et al. 1984; 
Ubelaker 1989a; Ubelaker 1989b; Webb and Suchey 1985).  Fusion occurs at the 
epiphysis, or the growth plate between the primary and secondary ossification centers of 
a bone.  When using epiphyseal union, the ‘last’ union to finish and the ‘next’ union to 
occur must be used to create the lower and upper limits of the estimated age range 
(Algee-Hewitt 2013; Buikstra and Ubelaker 1994; Scheuer and Black 2000).  Epiphyseal 
fusion is one of the most accurate methods for aging young individuals but is only 
applicable to young individuals.  The latest union to occur typically is the 
sternoclavicular joint, which completes union usually in the mid to late twenties 
(Langley-Shirley and Jantz 2010; Scheuer and Black 2000).  Beyond 30 years of age, 
epiphyseal fusion methods are no longer applicable.   
 
Pubic Symphysis 
Todd (1920) broke down the metamorphosis of the pubis into ten phases that 
advance chronologically with age.  Using nine features described in Todd (1920), 
McKern and Stewart (1957) examined three components of the pubic symphysis: dorsal 
plateau, ventral rampart, and symphyseal rim.  The components are scored on a five-stage 
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scale, and a composite score is used to determine an age range.  Brown (2010) found an 
overall correct classification rate of 82.3 percent, and an average error of 9.28 years.  
According to Garvin and Passalacqua (2012), the Suchey-Brooks method using 
the pubic symphysis is currently the most favored method used by forensic 
anthropologists and has been used as the base for other studies (Berg 2008; Hartnett 
2010).  The Suchey-Brooks method is based upon the Katz and Suchey (1986) revision of 
Todd (1920).  Katz and Suchey (1986) proposed condensing the Todd phases into six 
phases rather than ten.  This initial study only included males and could not be applied to 
females.  Brooks and Suchey (1990) refined the descriptions from Katz and Suchey 
(1986) and included a female sample.  Brown (2010) found an overall correct 
classification rate of 97.9 percent, which is much improved from the earlier methods of 
Todd (1920) and McKern and Stewart (1957).  
The Suchey-Brooks method has been tested and revised to increase the accuracy 
of the older age ranges (Berg 2008; Hartnett 2010).  Berg (2008) redefined phases V and 
VI and added a new phase, VII, to the original Suchey-Brooks phases for females.  By 
redefining these age groups, Berg (2008) provided more precise age groups than 
developed in the original Brooks and Suchey (1990) research.  This study produced a 
high degree of accuracy and relatively low intra-observer error, but with a relatively 
small sample size (n=189).  Since this study focused on accounting for menopausal 
changes in women, Berg (2008) cannot be used for males.  Another study found similar 
results (Hartnett 2010) using a larger sample size that included males and females.  
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Hartnett (2010) also added a seventh phase for males and females (males: range = 58-97 
years, mean = 77, SD = 9.33; females: range = 62-99, mean = 82.54, SD = 7.41).  
 
Auricular Surface  
Another area of the os coxa commonly used for age estimation is the auricular 
surface.  Lovejoy et al. (1985) developed an eight-phase scoring system to estimate age 
using the auricular surface.  Lovejoy et al. (1985) broke down the general age-change 
process into five broad phases: early post-epiphyseal, young adult, mid-adult, early 
senescent, and breakdown.  Although there are general degenerative trends on the 
auricular surface, there are some drawbacks to using this aging method.  The method 
provides narrow age ranges of 5 years in individuals under 50 years of age.  The last two 
ranges are 50-59 and 60+.  Studies have shown that Lovejoy et al. (1985) over-ages 
younger individuals and under-ages old individuals (Barrier et al. 2009; Murray and 
Murray 1991; Rissech et al. 2006).  In addition, the method did not provide mathematical 
error ranges, making the method difficult to test.  Ultimately, Lovejoy et al. (1985) is no 
longer considered to be a reliable method of aging individuals in a forensic context.  
Buckberry and Chamberlain (2002) proposed a method for auricular aging that 
consisted of a five-component scoring system: transverse organization, surface texture, 
microporosity, macroporosity, and apical changes (Buckberry and Chamberlain 2002).  
The Buckberry and Chamberlain (2002) method produced narrower age ranges for 
younger individuals, similar to the other articular surface age-at-death estimation 
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methods (Brooks and Suchey 1990; İşcan et al. 1984; Lovejoy et al. 1985).  The young 
age ranges were relatively small, such as 16-19 years (stage I) or 21-38 years (stage II).  
However, after the first two ranges the stages start to cover large spans: 16-65 years 
(stage III), 29-81 years (stage IV), 29-88 years (stage V), 39-91 years (stage VI), and 53-
92 years (stage VII) (Buckberry and Chamberlain 2002).   
Osborne et al. (2004) criticized the Lovejoy method for the lack of error ranges, 
which makes the method impractical for forensic use.  Osborne et al. (2004) revised the 
Lovejoy et al. (1985) method to address the error produced by the small age ranges.  
Osborne et al. (2004) condensed the original eight phases into six phases by collapsing 
phases one and two and phases five and six.  The wider age ranges allowed for more 
accurate estimations than the original Lovejoy et al. (1985) method.  Although the 
percent of correctly aged individuals is consistently over 90%, the suggested age ranges 
are extremely broad, some spanning 60 years (phase 3: ≤69 years; phase 6: 29-89 years).  
Osborne et al. (2004) improved the error of the original method but failed to improve the 
precision of the method.   
 
Sternal Rib Ends  
İşcan et al. (1984) developed a method for age-at-death estimation based on the 
sternal end of the fourth rib.  Ribs were scored from zero to eight based upon 
characteristics such as the formation of a pit, depth and shape, configuration of walls, and 
overall texture and quality of the bone.  The authors suggested that the sternal rib end 
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may be comparable to the pubic symphysis and potentially more accurate than cranial 
suture closure for age estimation.  It was concluded that changes in the 4th rib were more 
uniform between the ages of 17-28 years (İşcan et al.1984).  After 39 years of age, the 
changes become more variable and result in larger age ranges.  Whereas the first four 
phases had narrow age ranges (phase 1: 17-18 years, phase 2: 18-25 years, phase 3: 19-33 
years, phase 4: 22-35 years), the last four stages had increasingly broader ranges (phase 
5: 28-52 years, phase 6: 32-71 years, phase 7: 44-85 years, and phase 8: 44-85 years).  
Hartnett (2010b) tested the accuracy of age estimation using the sternal end of the 
fourth rib.  Hartnett (2010b) used the İşcan and Loth casts along with the written 
descriptions provided in the original İşcan et al. (1984) publication.  The results showed 
that significant differences were found between the observed age and the actual age of the 
individual.  Hartnett (2010) revised the phase descriptions and developed a new 7th phase, 
designed to increase the accuracy of the fourth rib method in reference to older 
individuals.  The results of this study suggest age estimation using the sternal rib 
performs better than the methods using the pubic symphysis, reinforcing the results of 
İşcan et al. (1984).  
Several other studies have tested or revised the İşcan et al. (1984) method for age 
estimation (Aktas et al. 2004; Dudar 1993; Hartnett 2010; İşcan et al. 1985; Verzeletti 
2010).  İşcan et al. (1984) stated that the intercostal variation between lower ribs is 
gradual, so there may not be much difference between the third, fourth, and fifth ribs.  
Therefore, the third and fifth ribs might be just as effective as using the fourth rib.  Dudar 
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(1993) tested the İşcan et al. (1984) method on the intercostal variation of the sternal 
face.  It was concluded that age at death could be estimated, with caution, using ribs two 
through nine if the fourth rib is unavailable.  Aktas et al. (2004) tested the original 
method again on the third, fourth, and fifth ribs.  The results found no significant 
difference between the ribs; therefore, the İşcan et al. (1984) method is applicable for ribs 
three through five.  
 
Using the Clavicle for Estimating Age-at-Death 
 The clavicle has been used for estimating age-at-death because of its unique 
qualities that distinguish it from other bones.  There are four benefits to using the clavicle 
for age-at-death estimation (Lee et al. 2014).  The size of the clavicle provides a high 
ratio of compact bone to spongy bone, which leads to minimal taphonomic damage.  
Second, due to that ratio, the clavicle is usually recovered intact.  Thirdly, the clavicle is 
not a weight-bearing bone, so it is not easily affected by environmental factors; 
degeneration patterns will not be affected by anything other than aging, except in the case 
of trauma or pathological change.  Although these can affect the degeneration pattern, 
trauma and pathological changes to the clavicle can be identified as such.  Lastly, using 
the clavicle for macroscopic observation will not affect any other tests that might be run 
on the skeletal remains for anthropological research.  Unfortunately, bone frequency and 
survivorship of the clavicle have not yet been studied extensively (Lee et al. 2014; 
Lyman 2014).  
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Age Estimation Using the Epiphyseal Union of the Clavicle 
The clavicle has been useful for aging in younger age ranges because of the 
unique morphology and elongated epiphyseal union phase (Black and Sheuer 1996; 
Cardoso 2008; Kaur and Jit 1990; Kellinghaus et al. 2010; Kreitner et al. 1998; Lee et al. 
2014; McKern and Stewart 1957; Meijerman et al. 2007; Walker and Lovejoy 1985; 
Webb and Suchey 1985).  Unlike the other long bones, the clavicle ossifies in the 
mesenchyme, not hyaline cartilage, contributing to the unusual morphology of the bone 
(Black and Scheuer 1996).  The clavicle is the first fetal bone to start ossification and 
typically the last adult bone to complete epiphyseal fusion (Black and Scheuer 1996; 
Meijerman et al. 2007).  The clavicular epiphysis can remain in a state of incomplete 
union until anywhere from 22 to as late as 30 years of age (Black and Scheuer 1996; 
Langley-Shirley and Jantz 2010; Stevenson 1924; Waterman and Emery 2003; Webb and 
Suchey 1985).  The late maturation of the clavicle may affect later deterioration patterns, 
which potentially could be used for aging older skeletons.  However, until recently the 
clavicle has been used specifically for aging pre-pubertal individuals by using diameter 
lengths and post-pubertal clavicles based on morphology alterations (Black and Scheuer 
1996).  
 Past studies have shown the developmental stages of the clavicle have a 
predictable pattern that can be used to estimate the age of an individual (Cardoso 2008; 
Kaur and Jit 1990; Kellinghaus et al. 2010; Kreitner et al. 1998; Lee et al. 2014; 
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Meijerman et al. 2007; Stevenson 1924; Walker and Lovejoy 1985).  In most cases, the 
epiphyseal union was used as an indicator of the age based on a number of scaled 
characteristics (Cardoso 2008; Kellinghaus et al. 2010; Kreitner et al. 1998; Langley-
Shirley and Jantz 2010; Walker and Lovejoy 1985).  In Scheuer and Black (2000), three 
general stages of maturation for the medial clavicular epiphysis are described: the 
epiphyseal surface develops, appearing as a well-defined medial ‘flake’ (16-21 years), 
majority of the medial surface is covered by the flake (24-29 years), and complete fusion 
(22-30 years).   
 Langley-Shirley and Jantz (2010) used transition analysis and Bayesian statistics 
to produce less subjective age ranges than obtained by percentile approaches.  This study 
examined clavicles from 1289 individuals, between the ages of 11 and 33 years, to 
evaluate two existing scoring methods, McKern and Stewart’s (1957) method and a 
commonly used three-phase system used to code entries for the Forensic Anthropology 
Databank.  McKern and Stewart’s (1957) system consisted of five stages: no union, 
beginning union, active union, recent union, and complete union.  The three phase system 
scores were unfused, fusing, and fused.  The results concluded that a simple three-phase 
scoring system proved to be the least subjective scoring method.    
 
Falys and Prangle (2014)  
Falys and Prangle (2014) developed a method for estimating age after 40 years of 
age and proposed that the degenerative changes to the sternal aspect of the clavicle might 
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be useful estimate age-at-death in older adults.  Their study used 564 clavicles from four 
collections: Hamman-Todd in Cleveland, Pretoria in South Africa, St. Bride’s in London, 
and Coimbra in Portugal.  The age composition of the study is presented in Table 2.1. 
The clavicles were scored for three traits of the medial surface: surface topography, 
porosity, and osteophyte formation.  The trait scores can be found in Table 2.2.  The 
scores were used to develop two methods for estimating age: composite score and 
regression equation.  In the composite score method, the trait scores are added together in 
order to get a final combined score with an assigned age interval.  The regression 
equation combines the trait scores in a fixed equation to calculate the age-at-death. 
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Table 2.1. Age composition of the study samples used in Falys and Prangle (2014:2) 
 
Age Category 
(years) 
Males  Females 
HT PBC SB CC Total  HT PBC SB CC Total 
40-49 10 4 6 20 40  10 1 5 14 30 
50-59 18 13 9 22 62  12 4 7 16 39 
60-69 19 22 9 21 71  15 16 11 17 59 
70-79 24 32 10 21 87  14 24 7 16 61 
80+ 23 24 4 7 73  14 20 6 17 57 
Total 94 95 38 91 318  65 65 36 80 246 
Mean Age  68.1 70.9 68.7 61.6 66.6  66.1 74.0 65.4 65.5 67.9 
Range of Ages 42-96 40-94 41-88 40-96 40-96  41-93 48-94 42-91 40-95 40-95 
 
 
Table 2.2. Degenerative trait scores presented in Falys and Prangle (2014:3). 
 
Score Surface Topography Porosity Osteophyte Formation 
0 Element not present Element not present Element not present 
1 Smooth No porosity  No osteophytic growth 
2 Slight granulation Microporosity (<50% surface) Slight osteophytes  
3 Coarse granulation Microporosity (>50% surface) Moderate osteophytes 
4 Nodule formation Macroporosity (<50% surface) Severe osteophytes 
5 Undulating  Macroporosity (>50% surface) __ 
6 Degeneration/Eburnation Complete surface breakdown __ 
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Surface topography had the highest correlation of the three traits with age, even 
higher than the composite score (Falys and Prangle 2014).  A weighted score was 
developed to predict age using a regression equation.  Due to its low correlation with age, 
osteophyte formation was not included in the regression equations.  Falys and Prangle 
(2014) generated a sex-specific equation, as well as a general equation for cases in which 
the sex in unknown.  The sex-specific aging equation is:  
27.21  +  8.70 x Surface Topography  +  2.00 x Porosity  –  3.65 x Male 
The “male” variable equals 1 for males and 0 for females.  The standard deviation for this 
equation is 8.56 for males and 10.38 for females, indicating that female age estimation is 
less certain than males.  In the case that the sex of the individual is unknown, an 
alternative equation is provided:  
25.96  +  8.70 x Surface Topography  +  2.03 x Porosity 
 The standard deviation for this equation is 9.59.  From these equations, Falys and 
Prangle (2014) concluded that females are on average 3.7 years older than males with the 
same trait scores.   
 The Falys and Prangle (2014) method for aging using the sternal end of the 
clavicle is the first study to identify the predictable degeneration of the sternal end of the 
clavicle with increasing chronological age.  Their study sample consisted solely of 
individuals known to be over the age of 40 years.  Younger individuals aged from the 
moment of epiphyseal fusion are excluded from the study.  In order to test for the 
applicability of the Falys and Prangle (2014) method, the current study incorporated 
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individuals over the age of 20 years.  This allowed the author to examine epiphyseal 
fusion and the early morphological changes that occur following complete fusion.  
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CHAPTER 3:  METHODS 
 
Collections and Materials Used  
 In order to test the Falys and Prangle (2014) method for age estimation, the 
McCormick Collection and the William M. Bass Donated Skeletal Collection were 
utilized in the present study.  The McCormick Collection and the William M. Bass 
Donated Skeletal Collection are housed at the University of Tennessee in Knoxville, 
Tennessee.  A majority of the sample utilized in this study comes from the McCormick 
Collection.  The McCormick Collection consists of partial human remains of more than 
900 individuals derived from cases of the East Tennessee Medical Examiner.  For all of 
the individuals used in this study sex, age-at-death, and self-reported ancestry were 
known.  The McCormick Collection was utilized in the present study, because it includes 
a set of isolated clavicles.  
The William M. Bass Donated Skeletal Collection consists of skeletal remains of 
more than 1,000 individuals.  The collection was started in 1981 by Dr. William Bass, 
and houses remains ranging from fetal remains to individuals over 100 years of age.  This 
collection was used as a supplement to the McCormick Collection in order to increase the 
sample size in the older age ranges (70-100 years).  
A total of n=1,510 individuals of known age and sex, ranging from 20 to 101 
years of age, were used for the analysis.  The sample consisted of n=1,112 males and 
n=398 females (McCormick Collection: n=1423 individuals; William M. Bass Donated 
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Skeletal Collection: n=87 individuals).  The descriptive statistics for the sample used are 
presented in Table 3.1.  
 
 
 
Table 3.1. Descriptive statistics for the combined UTK sample. 
 
 Males Females 
Total 1112 398 
Mean 50.57 53.065 
Standard Deviation 18.015 20.358 
 
 
 
Figure 3.1. Age distribution of the present study sample. 
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Figure 3.1 shows the age distribution of the collected sample.  The sample used 
consisted exclusively of individuals identified as White in their provided demographic 
information due to the paucity of other ancestral groups in both the McCormick 
Collection and the William M. Bass Collection (UTK 2015).  Less than 25% of the 
collection is composed of other ancestral groups, and their inclusion in the study sample 
might have confounded statistical analyses due to the small sample sizes (Schmitt et al. 
2002).   
The sample used ranged from 20 to 101 years of age, in order to capture a wide 
range of degenerative changes to the surface of the bone.  Individuals under 40 years of 
age were included in the sample to test the minimum age limit set by Falys and Prangle 
(2014).  The current study examined both right and left clavicles of each individual.   
Falys and Prangle (2014) conducted a preliminary test to identify any differences in wear 
patterns between left and right clavicles as a result of handedness or occupational 
activity.  After the preliminary test suggested there was no significant difference between 
left and right clavicles, Falys and Prangle (2014) opted to observe the right clavicles, 
since they were more readily available than left clavicles in their sample. 
Since the clavicle pairs were so easily accessible in the McCormick Collection 
and the William M. Bass Donated Skeletal Collection, the left and right were both 
examined for the present study.  This allowed the study to include a test of whether the 
deterioration was bilateral or affected by handedness or occupational activity.  When 
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comparing the current study to the Falys and Prangle (2014) study, the right clavicle data 
were used for consistency.  
Individuals initially considered for inclusion in the study sample were ruled out 
for various reasons.  These included individuals with antemortem trauma, pathological 
conditions, or extensive postmortem breakage that obscured the surface of the sternal end 
(Warmlander and Sholts 2010).  Clavicles with a healed fracture were not included in the 
final data analysis, but were scored separately to see if the healing process affected the 
age estimation.  Similar to fractures, clavicles with pathological conditions were noted, 
but not used in the final data analysis.  
 
Method 
As stated previously, the clavicles were examined and scored for three traits of 
degeneration as described by Falys and Prangle (2014): surface topography, porosity, and 
osteophyte formation.  Surface topography is defined as the general texture and relief of 
and articular surface of a bone (Falys and Prangle 2014).  Granulation, nodule and ridge 
formation, undulating topography, and eburnation are taken into consideration when 
scoring the overall surface topography.  The original method describes 6 phases of 
surface topography: smooth, slight granulation, coarse granulation, nodule formation, 
undulating, and degeneration (Falys and Prangle 2014:3). 
 Porosity is the presence of small perforations or openings in the surface of a bone 
(White et al. 2012).  Falys and Prangle (2014) identify two types of porosity: 
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microporosity and macroporosity.  Microporosity is the presence of pinpoint perforations 
in the bone surface that measure less than 1 mm in diameter.  Perforations larger than 1 
mm in diameter are considered to be coalesced, or macroporosity (Buikstra and Ubelaker 
1994; Falys and Prangle (2014).  This method examines the percentage of the surface that 
is afflicted with porotic activity, and to what degree. 
 Osteophyte formation is the development of abnormal bony growths on the 
surface of the bone.  Osteophyte formation is often found at the margins of articular 
surfaces and reflect the addition of compact bone (Buikstra and Ubelaker 1994; White et 
al. 2012).  This method identifies four phases of osteophyte formation: no osteophytic 
growth, slight osteophytes, moderate osteophytes, and severe osteophytes.  The severity 
of osteophytic growth is determined taking into consideration the osteophyte length in 
relation to the overall size of the sternal end.  Falys and Prangle (2014) opted not to 
metrically determine the osteophyte length, because it did not account for the difference 
in sternal end size across individuals.  
A revised description was created for each trait combining the original tables 
provided by Falys and Prangle (2014) with descriptions provided within the article text. 
The revised trait descriptions are presented in Table 3.1.  Photographs depicting the three 
traits at different stages of degeneration are provided in Figure 3.2. 
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Table 3.2. Revised degenerative trait score descriptions for the current study. 
 
Score Surface Topography Porosity Osteophyte Formation 
0 The epiphysis is still fusing, and has not 
reached the outer margin of the surface. 
The epiphysis is still fusing, and 
has not reached the outer margin of 
the surface. 
The epiphysis is still 
fusing, and has not reached 
the outer margin of the 
surface. 
1 The surface is generally flat and smooth to the 
touch. The epiphysis may still be seen around 
the rim.  
No porosity is present.  No osteophytic growth is 
present.  
2 The surface texture of the bone is slightly 
roughened, like fine sandpaper. The surface is 
still generally flat, but small raised areas that 
follows the contours of the surface may occur.  
Microporosity (<1mm in size) 
covers less than 50% of the surface.  
Slight osteophytic growth 
is present, generally around 
the outerim.  
3 The surface texture is very rough. Small 
grains of bone form on the surface, creating a 
slightly uneven surface. The surface is 
generally flat, but small raised areas with a 
rough or jagged edge may occur.  
Microporosity (<1mm) covers more 
than 50% of the surface area. There 
is no macroporosity present.  
Moderate osteophytes 
present, creating an uneven 
surface texture. 
4 The surface topography is generally mostly 
flat and rough. At least one round nodule of 
bone is present on the surface.  
Macroporosity (>1mm) covers less 
than 50% of the area. (Note: if both 
micro- and macro- are present, 
score for macro-) 
Severe osteophytic growth 
is present, covering a large 
amount of the surface area.  
5 The topography changes from generally a 
smooth and flat surface, to an irregular or 
undulating surface, resulting from the 
development of ridges, severe nodule or 
osteophyte formation.  
Macroporosity (>1mm) covers 
more than 50% of the area.  
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Score Surface Topography Porosity Osteophyte Formation 
6 The surface displays complete breakdown 
(i.e., is dense, with increased porosity and 
osteophyte growth) and has highly irregular 
contours. In many instances, the bone takes on 
the appearance of honeycomb, with extensive 
macroporosity across the entire surface.  
Complete surface breakdown. 
Pitting formed by joining of more 
than one macroporotic lesion is 
present. (Note: If a large pit is 
found on the surface that is not 
congruent with the surface 
topography or porosity of the rest 
of the surface, disregard. This is not 
porotic, this is a natural variant 
believed to be vascular in nature)  
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Figure 3.2. Examples of the degenerative trait expression of the sternal surface of the clavicle, arranged in order of young 
(a) to old (h) ages: (a) smooth texture, no porosity or osteophyte formation; (b) slightly roughened texture, evidence of 
microporosity; (c) slightly roughened texture, evidence of micro- and macroporosity, slight osteophytic growth around the 
outer rim; (d) rough surface with a nodule present, evidence of micro- and macroporosity, osteophyte formation; (e) very 
rough and irregular surface, micro- and macroporosity present, osteophytic growth; (f) irregular, undulating surface, micro- 
and macroporosity present, osteophytic growth present; (g) irregular surface, macroporosity covering most of the surface; 
(h) complete surface breakdown, pitting is present, osteophyte formation is present. 
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 The scores were applied to the two aging methods proposed in the original Falys 
and Prangle (2014) article: composite score and regression equation.  The traits were 
scored and used to estimate age-at-death using the original composite score method.  The 
scores were also used to generate sample-specific composite scores.  The sample-specific 
scores were used to determine if the accuracy of the method increases with increased 
population specificity.    
The regression equations from the original Falys and Prangle (2014) article was 
applied to the collected data to test the accuracy of the calculated age estimations.  In 
addition to testing the existing equations, multiple regression equations were generated 
from the collected data.  Three separate equations were generated to test whether the 
inclusion of individuals under 40 years of age changes the accuracy of the method.  
Equations were created for individuals over the age of 20 years, individuals over the age 
of 30 years, and for individuals over the age of 40 years.   
 
Statistical Analyses 
Numerus statistical analyses were performed in order to analyze the data collected 
in this study.  Data were analyzed in SPSS version 23 for multiple statistical treatments, 
including assessing correlations, creating regression equations, and testing observer error.   
Excel was used primarily to test the ‘correctness’ of the composite score and regression 
equation methods provided by Falys and Prangle (2014).  The NPhases 2 program was 
used to establish the age-at-transitions for the composite score method.  
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Correlations  
 Descriptive statistics were computed for the variables with mean scores and 
standard deviations calculated.  Individual trait expressions were investigated for their 
association with age-at-death.  Spearman’s rank correlations were calculated for each trait 
and the composite score.  The higher the correlation coefficient, the more strongly a trait 
is associated with age.  Correlation coefficients were also created for the sample when 
broken down into ten-year intervals in order to test the accuracy of the method with 
increasing age. 
Pearson’s coefficients were calculated for the regression equations to evaluate the 
correlation between the calculated age and the actual age.  The correlation coefficients 
were calculated using the regression equations from the Falys and Prangle (2014) study 
as well as the equations produced in the current study.  The correlations were compared 
to see if sample-specific equations would produce more strongly correlated age 
estimations than those calculated using the existing equations.  
 
Correctness  
The author analyzed the correctness of both the composite score method and 
regression equations.  A method’s ability to “correctly” estimate the age of an individual 
was measured by the percentage of individuals whose recorded ages-at-death fell within 
the age interval of their assigned age stage.  “Correctness” was defined as whether or not 
an individual’s actual age-at-death fell within the estimated age interval provided by the 
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original method.  Falys and Prangle (2014) provided 95% age intervals for the composite 
score method, and standard deviations but no age intervals for the regression equations.  
The present author calculated the percentages of correct estimates using ± one and ± two 
standard deviations from the assigned mean age of provided by each method.  
 
Transition Analysis Testing  
When using a composite score age estimation method, transition analysis can be 
used to assess the age at which one age classification transitions to the next (Berg 2008; 
Boldsen et al. 2002; Langley-Shirley and Jantz 2010; Shirley and Jantz 2011).  The 
program NPhases 2 (http://konig.la.utk.edu/nphases2.htm) was used to analyze the 
current data.  Through a Bayesian framework, this program provides wide age ranges that 
account for problems that typically arise with age estimation, such as small sample size 
and uneven age distributions (Boldsen et al. 2002; Konigsberg et al. 2008; Langley-
Shirley and Jantz 2010).   
Studies have shown that linear regression equations have a tendency to over-age 
young individuals and under-age the elderly (Algee-Hewitt 2013; Boldsen et al. 2002).  
In order to account for this trend, a cumulative probit model was used to evaluate the age-
at-transitions for the composite scores and age stages (Berg 2008; Konigsberg et al. 2008; 
Langley-Shirley and Jantz 2010). The cumulative probit model produces point 
estimations for age-at-transition, which is the maximum likelihood estimate representing 
the average age at which an individual is likely to transition from one phase to the next.  
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In the present study, there are 16 composite scores and 5 age stages.  In a 
transition analysis of this method, there are 15 and 4 transition phases, respectively.  A 
total of five transition analyses tests were run on the sample.  The transition phases were 
analyzed for each degenerative component, composite score, and the condensed age 
stages provided by the Falys and Prangle (2014) study.  The results were used to 
determine if the degenerative traits are indicative of age individually as well as combined 
in the composite score.  
 
Observer Error 
Observer error was tested to decipher the repeatability of the score assessments 
made.  Intra-observer error tests were used to assess the amount of variability introduced 
when the same observer analyzes a subsample of the population twice.  The intra-
observer tests also analyze the repeatability of the method’s parameters, which in this 
case is the trait score assessments.  The intra-observer error was tested by the author on 
10% of the sample.   The sample was chosen at random, and the author was blind to the 
original trait scores.  Inter-observer error tests were performed to measure the degree of 
reliability of the trait scores assigned by different observers.  Due to time constraints, the 
inter-observer error was tested on 5% of the sample (75 individuals, 150 clavicles total) 
by a second observer.  The second observer was given a brief explanation of the method, 
and was provided the revised trait score descriptions and the photographs from the 
original article as reference.   
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Cohen’s kappa was used to determine the significance of the intra-observer and 
inter-observer agreement tests.  The Cohen’s kappa determines the level of agreement 
between observers or observations (Table 3.3).  The observer agreement was assessed in 
accordance with the interpretations provided in Landis and Koch (1977:165):  
 
Table 3.3. Observer agreement interpretations provided by Landis and Koch (1977:165). 
Kappa Statistic Strength of Agreement 
 
< 0.0 
 
Poor 
0.0 – 0.20 Slight 
0.21 – 0.40 Fair 
0.41 – 0.60 Moderate 
0.61 – 0.80 Substantial 
0.81 – 1.00 Almost perfect 
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CHAPTER 4:  RESULTS 
 
Descriptive statistics including mean sizes, standard error, and 95% confidence 
intervals are presented in Tables 4.1-4.4.  Table 4.1 and Table 4.2 present the descriptive 
statistics for the composite scores and age stages, respectively, from the original Falys 
and Prangle (2014) article.  Table 4.3 presents the descriptive statistics for each 
composite score individually for the combined McCormick Collection and William M. 
Bass Donated Skeletal Collection sample.  Table 4.4 presents the descriptive statistics for 
the age stages for the combined sample.  The age stages were produced by combining 
composite scores that did not display significant difference (p>0.05) in age ranges and 
mean ages.  Each stage is statistically distinct from the other stages (p>0.05).  
Standard deviations for Falys and Prangle (2014) ranged from 3.5-11.5 for males 
and 0.6-12.2 for females for individual composite scores.  The standard deviations for the 
original study’s age stages ranged from 6.3 to 9.6 for males and 0.8 to 11.9 for females.  
In the present study, standard deviations for the individual composite scores ranged from 
6.4 to 14.7 for males and 2.0 to 17.3 for females.  The standard deviations for the present 
study’s age stages ranged from 8.3 to 14.2 for males and 4.2 to 15.8 for females.  The 
large standard deviations and wide age intervals associated with each composite score 
and age stage reflect the variability in the aging and degeneration processes (Algee-
Hewitt 2013; Hoppa 2000; Konigsberg et al. 2008; Schmitt et al. 2002).  
  
 
 
4
2
 
Table 4.1. Descriptive statistics for composite scores of clavicular degeneration from Falys and Prangle (2014:9). 
 
 
 
 
 
 
 
 
 
 
 
Composite Score Males Females 
n Mean SD 95% CI n Mean SD 95% CI 
3 1 41.0 - 41 0 - - - 
4 4 47.0 6.7 41-55 13 47.3 3.6 42-53 
5 25 49.4 6.3 41-69 23 50.4 8.4 40-78 
6 30 54.9 5.9 44-67 18 66.8 11.4 43-84 
7 32 55.4 11.5 40-85 30 62.8 12.2 43-90 
8 31 62.8 10.1 45-86 28 64.9 12.0 45-89 
9 53 67.3 9.0 47-83 53 71.9 9.8 46-93 
10 37 72.5 9.3 53-87 33 72.1 10.1 46-89 
11 67 75.2 8.0 54-96 35 79.2 8.5 46-94 
12 21 78.1 7.1 64-87 9 79.8 8.5 63-95 
13 10 82.9 7.9 71-92 3 87.3 0.6 87-88 
14 4 83.0 7.5 77-94 1 86.0 - 86 
15 3 84.0 3.5 80-86 0 - -     - 
16 0 - -     - 0 - -      - 
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Table 4.2. Descriptive statistics for stages of clavicular degeneration from Falys and Prangle (2014:10). 
  
Composite 
Score 
   Age Stage    Mean Age (Years)       95% Confidence Interval (Years) 
 Male Female Male Female 
3-5 I 48.8 49.3 36-61 35-63 
6-7 II 55.2 64.5 37-73 41-88 
8-9 III 65.7 72.0 47-85 53-91 
10-12 IV 74.9 79.3 58-91 63-96 
13-16 V 83.1 87.0 70-97 85-89 
 
Table 4.3. Descriptive statistics per composite score for the UTK sample.  
 
Composite Score Males Females 
n Mean SD 95% CI n Mean SD 95% CI 
3 419 41.6 12.5 29-55 248 42.4 14.3 28-57 
4 526 46.0 13.8 32-60 211 47.9 16.1 31-64 
5 338 51.6 14.7 36-67 85 52.5 16.9 35-70 
6 291 56.8 13.8 43-71 73 65.9 15.5 50-82 
7 161 59.3 14.4 44-74 31 64.7 16.7 47-82 
8 88 61.8 14.8 47-77 23 75.6 13.9 61-90 
9 63 66.6 13.0 53-80 11 76.8 11.8 65-89 
10 37 71.4 13.0 58-85 19 79.0 13.9 65-93 
11 36 74.0 9.9 64-84 10 83.1 17.3 65-101 
12 21 81.0 7.9 73-89 12 85.1 6.6 78-92 
13 25 80.8 8.6 72-90 10 87.1 5.1 82-93 
14 20 84.7 8.2 76-93 7 89.9 4.1 85-94 
15 14 84.2 6.4 77-91 2 89.5 4.9 84-95 
16 14 85.5 9.1 76-95 7 86.6 2.0 84-89 
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Table 4.4.  Descriptive statistics for stages of clavicular degeneration, based on the present study sample.  
 
Age 
Stage 
Score 
Males   Females 
n Mean SD 95% CI n Mean SD 95% CI 
I 3-5 1283 46 14.2 31-61 544 46.1 15.8 30-62 
II 6-7 452 57.65 14.2 43-72 104 65.5 15.8 49-82 
III 8-9 151 63.82 14.2 49-79 34 75.97 13.1 62-90 
IV 10-12 94 74.55 11.4 63-86 46 82.13 12.6 69-95 
V 13-16 73 83.42 8.3 75-92 26 87.88 4.2 83-93 
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Composite Score  
Spearman’s rank correlation coefficients indicated a correlation significant at the 
0.01 level for all three components individually, as well as the composite score.  The 
correlation coefficients for the current sample were compared to the correlation 
coefficients from the Falys and Prangle (2014) sample in Table 4.5.  Of the three 
components, surface topography was most strongly correlated with age for both males (r 
= 0.643) and females (r = 0.590). Unlike the findings of Falys and Prangle (2014), 
porosity was found to be the least correlated with age for both males (r = 0.474) and 
females (r = 0.514).  In addition, when broken down into ten-year intervals (40-49 years, 
50-59 years, etc.), the correlation coefficients increase with advancing age.  This suggests 
that the method becomes more accurate as the age of an individual increases. 
 
Table 4.5.  Spearman’s Rank Correlation Coefficients for Falys and Prangle (2014:8) and 
current study (UTK) for each component. 
 
 Surface Topography Porosity Osteophyte Formation 
 F & P UTK F & P UTK F & P UTK 
Males  0.762 0.643 0.598 0.474 0.562 0.584 
Females 0.665 0.590 0.536 0.514 0.446 0.535 
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Table 4.6.  Percentages of correct classifications using the Falys and Prangle (2014) 
composite score method.  
 
Age Cohort Males Females 
All 60.9% 58.8% 
Over 30 70.1% 58.8% 
Over 40 80.2% 57.8% 
40 – 49 96.6% 52.8% 
50 – 59  98.6% 60.7% 
60 – 69  62.1% 56.4% 
70 – 79  46.0% 51.4% 
80 – 89  76.4% 69.4% 
90 + 76.4% 50.0% 
 
 
Composite Score Method Correctness  
Composite scores were calculated and compared to the corresponding age 
intervals provided in the Falys and Prangle (2014) study (Figure 4.6).  The composite 
scores estimated the age of an individual accurately for 65.9% of the male sample.  The 
composite scores of the female sample estimated age less accurately than males, with 
only 58.8% of the individuals being correctly classified.  The lowest estimation accuracy 
for both males and females was between 70-79 years of age (male = 46.0%; female = 
51.4%).  From 80-89 years of age, the accuracy increased for males (76.4%) and females 
(69.4%).  
Once the Falys and Prangle (2014) age intervals were analyzed for accuracy, the 
composite scores were compared to the age intervals produced by the current study.  For 
the male sample, the composite scores correctly classified 68.5% of the right clavicles 
and 64.4% of the left clavicles.  The age stages correctly classified 67.3% of the right 
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clavicles and 67.6% of the left clavicles for the male sample.  For the female sample, the 
composite scores correctly classified 70.3% of right clavicles and 70.5% of the left 
clavicles.  The age stages correctly classified 68.2% of the right clavicles and 67.6% of 
the left clavicles for the female sample.   
 
Regression Equation  
As previously stated, multiple regression equations were generated from the 
collected data: (1) individuals over 20 years of age, (2) individuals over 30 years of age, 
and (3) individuals over 40 years of age.  The results from the multiple regression 
analyses show comparable Pearson’s coefficients for the above mentioned equations (r = 
0.690, r = 0.632, and r = 0.611, respectively).   
 Along with analyzing the equations provided by Falys and Prangle (2014), the 
author created four equations: sex-specific equations for both sides (left and right), and 
non-sex specific equations for both sides.  Equations were produced for both left and 
right sides in order to account for differences between the two.  The sex-specific 
equations are as follows:  
     32.61 + 5.30 x Topo (left) + 2.36 x Poro (left) + 5.70 x Osteo (left) – 3.29 x Sex  
     32.84 + 5.29 x Topo (right) + 2.65 x Poro (right) + 4.66 x Osteo (right) - 3.29 x Sex 
 In the regression equations above, “topo” mean surface topography, “poro” means 
porosity, and “osteo” means osteophyte formation.  The “sex” variable in these equations 
equals 1 for male individuals and 0 for female individuals.  The standard deviations for 
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the left clavicle equations are 10.29 for males and 10.70 for females.  The standard 
deviations for the right clavicle equations are 11.69 for males and 11.96 for females.  
This indicates that the sample-specific equations estimate age with essentially the same 
level of certainty for both males and females.  In cases where the sex is not available, 
alternative prediction equations are:  
     30.44 + 5.20 x Topo (left) + 2.45 x Poro (left) + 5.53 x Osteo (left) 
     30.68 + 5.20 x Topo (right) + 2.77 x Poro (right) + 4.46 x Osteo (right)  
 The standard error is 14.23 for the left clavicle equation and 13.91 for the right 
clavicle equation.  The results of the sex-specific equations above indicate that female 
skeletons are on average 3.29 years older than males scoring the same traits.   
 
Regression Equation Correctness  
When applied to the collected data, the regression equation from the Falys and 
Prangle (2014) article produced age estimations within the 95% confidence interval in 
47.6% of the male sample and 53.8% of the female sample.  At ± 2 standard deviations, 
the percentage of correct classification increases to 73.6% for the male sample and 77.2% 
for the female sample.  Interestingly, when using the equation for unknown sex, the 
percentage of correct classification is 52.6% for ± 1 standard deviation and 77.6% for ± 2 
standard deviations.   
The estimated ages from the equations derived in the present study were evaluated 
for accuracy of correct classification.  Males were correctly classified within one standard 
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deviation from the mean 51.7% of the time for left clavicles and 53.4% of the time for 
right clavicles. Females were correctly classified within one standard deviation from the 
mean 47.2% of the time for both left and right clavicles. At ± 2 standard deviations, 
87.9% of the left clavicles and 87.5% of the right clavicles from male individuals were 
correctly classified. For females, 81.1% of the left clavicles and 85.9% of the right 
clavicles were correctly classified at ± 2 standard deviations. 
 
Transition Analysis 
 Transition analysis was used to assess the age at which one age stage transitions 
to the next.  The N-phase cumulative probit model was used to determine the predicted 
age-at-transition for the age stages provided in Falys and Prangle (2014).  A sample size 
of n=1,401 individuals was analyzed using Konigsberg’s NPhases 2 program.  The data 
excluded any individual with a composite score below 3, as this is the cut off for the 
method’s age stages.  Each individual trait was assessed, and the results are presented in 
Table 4.7.  Five transitions (1 – 2, 2 – 3, 3 – 4, 4 – 5, and 5 – 6) were assessed for surface 
topography and porosity, and three transitions (1 – 2, 2 – 3, and 3 – 4) were assessed for 
osteophyte formation.  Four transitions (1 – 2, 2 – 3, 3 – 4, and 4 – 5) were assessed for 
the age stages, and the results for these transitions can be found in Table 4.8.   
 The mean age at the first transition (1 – 2) for all three trait scores fall between 39 
and 61 years of age.  The mean age at the first transition for the age stages was 61.64 
years for the right clavicle and 63.77 years for the left.  The predicted age-at-transition 
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increases drastically with each transition, reaching 90 years of age by the third transition 
for surface topography and porosity, and the second transition for osteophyte formation.  
The last transition for the three trait scores and the age stages are staggeringly high, 
exceeding 100 years of age.  These age predictions are unrealistic and do not reflect a 
reliable correlation with age. 
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Table 4.7. NPhase 2 results for individual trait scores.  
 
 Surface Topography        Porosity Osteophyte Formation 
 Right  Left Right  Left  Right  Left 
1 – 2  54.86 ± 21.52 56.26 ± 22.50 40.25 ± 31.80 39.01 ± 35.01 58.96 ± 25.30 61.43 ± 25.27 
2 – 3  76.36 ± 21.52 77.89 ± 22.50 82.03 ± 31.80 86.83 ± 35.01 94.42 ± 25.30 99.35 ± 25.27 
3 – 4  88.21 ± 21.52 91.77 ± 22.50 90.06 ± 31.80 95.71 ± 35.01 116.32 ± 25.30 124.89 ± 25.27 
4 – 5  97.77 ± 21.52 103.28 ± 22.50 114.90 ± 31.80 124.50 ± 35.01   
5 – 6  113.19 ± 21.52 117.26 ± 22.50 122.92 ± 31.80 130.91 ± 35.01   
 
 
 
Table 4.8.  NPhase 2 results for age stages. 
 
 
 
 
 
 
 
 
 
Transition Right Left 
1 – 2 61.84 ± 19.86 years 63.77 ± 21.12 years 
2 – 3 79.03 ± 19.86 years  82.96 ± 21.12 years 
3 – 4 89.36 ± 19.86 years  93.22 ± 21.12 years  
4 – 5 102.28 ± 19.86 years  107.22 ± 21.12 years 
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Observer Agreement  
 Intra-observer and inter-observer agreement were tested using Cohen’s Kappa for 
each trait score, composite score, and age stage.  The results of the inter-observer error 
tests are presented in Table 4.9.  The kappa values for the individual traits range from κ = 
0.023 to κ = 0.269, indicating a slight to fair agreement between observers.  Of the three 
degenerative traits, surface topography has the strongest agreement between observers 
(Right: κ = 0.259; Left: κ = 0.269).  The kappa values for the composite scores are lower 
than the kappa values for the age stages.  The kappa values for the porosity and 
osteophyte formation are significantly lower for the left clavicle than the right.  This 
discrepancy is not seen in any of the other kappa tests for inter- or intra-observer 
agreement.  
The kappa values for composite score are considerably lower than the kappa 
values for age stages.  The difference in agreement value between the composite scores 
and age stages reflects the need to condense the method into a more manageable number 
of potential outcomes.  The age stages account for more variation than specific composite 
scores do, leading to the increased agreement value.  
The results of the intra-observer error tests are presented in Table 4.10.  The 
kappa values for the individual traits range from κ = 0.129 to κ = 0.368, indicating a 
slight to fair agreement between observations.  Of the three degenerative traits, 
osteophyte formation has the strongest agreement between observations (Right: κ = 
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0.339; Left: κ = 0.368).  The lowest agreement among the individual traits is the surface 
topography on the right clavicles (κ = 0.129).  This kappa value is considerably lower 
than the kappa value for the left surface topography (κ = 0.228), as well as the kappa 
values for both porosity and osteophyte formation.  The composite score kappa values are 
significantly lower than the age stage kappa values. 
As seen in tables 4.9 and 4.10, the inter-observer and intra-observer agreement is 
very low.  In order to further evaluate the low inter-observer and intra-observer 
agreement, each type of score (individual component sore, composite score, and age 
stage) for both observer tests were compared to see how much they differ between the 
observations.  To determine how much the corresponding values differed, the absolute 
difference was calculated for each score.  The frequency of the differences between 
values can be found in tables 4.11 and 4.12.  A considerable portion of the tested samples 
were scored one trait score different between the two observations.  Since the trait scores 
differ only slightly from one score to the next, a difference of one phase is undesirable 
but does occur.   
Table 4.11 shows the frequency of the differences between values for each score 
from the inter-observer agreement test.  For both surface topography and osteophyte 
formation, approximately 95% of the test sample was either assigned the same phase in 
both cases, or differed by one phase.  Porosity was the component with the most disparate 
values between observers.  Just over 70% of the test sample was assigned the same or   
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Table 4.9.  Inter-observer agreement test results. 
 
Variable 
N Kappa value Standardized Error Significance  
Right Left Right  Left Right  Left Right  Left 
Surface Topography 75 75 0.259 0.269 0.075 0.077 0.000 0.000 
Porosity 75 75 0.193 0.023 0.059 0.071 0.000 0.000 
Osteophyte Formation 75 75 0.192 0.087 0.077 0.076 0.003 0.205 
Composite Score 75 75 0.151 0.171 0.053 0.056 0.000 0.000 
Age Stage  75 75 0.266 0.206 0.071 0.075 0.000 0.000 
 
 
 
Table 4.10. Intra-observer agreement test results.  
 
Variable 
N  Kappa value Standardized Error   Significance 
Right Left Right Left Right Left Right  Left 
Surface Topography 150 150 0.129 0.228 0.052 0.059 0.005 0.000 
Porosity 150 150 0.295 0.268 0.064 0.062 0.000 0.000 
Osteophyte Formation 150 150 0.339 0.368 0.069 0.067 0.000 0.000 
Composite Score 150 150 0.080 0.081 0.043 0.041 0.024 0.017 
Age Stage 150 150 0.252 0.200 0.066 0.059 0.000 0.000 
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only one phase differently between observers.  The cause of this disparity is unaccounted 
for, and most likely reflects the limited training of the two observers.  
The composite scores had the largest variety in assigned phase differences for 
inter-observer error.  Only 24% (right) and 27% (left) of the test sample were assigned 
the same phase by both observers, while only 20.0% (right) and 24.3% (left) differed by 
one phase.  Approximately 50% of the test sample were assigned two or more phase 
values differently between the two observers.  Since the composite score combines the 
three component phases, the difference between the composite score values will be larger 
than each component separately.  If each of the three component phases differ by one 
value, the composite scores will differ by three, severely increasing the difference 
between the two observers’ evaluations. 
When the composite scores are converted to the age stages, the difference 
between the two observers decreases.  Approximately 90% of the test sample was either 
the same or only one stage away between observers.  The other 12% (right) and 9.3% 
(left) of the test sample differ by two stages.  When the composite scores are condensed, 
the amount of clavicles scored the same in both observations increased by 20% and the 
number of clavicles one stage different increased by 25%.  The number of clavicles 
scored two or more stages different decreased by roughly 40%.  
Table 4.12 shows the frequency of the differences between values for each score 
from the intra-observer agreement test.  Osteophyte formation was scored the same or 
one phase differently in 100% (right) and 98% (left) of the test sample.  Over 80% of the 
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test sample were scored the same or one phase differently for surface topography and 
porosity.  For surface topography, less than 2% were more than two phases different.  For 
porosity, approximately 5% were more than two phases different.  The cause of this vast 
difference between observations is most likely observer error stemming from the lack of 
training.   
The composite scores were either the same or within one value approximately 50- 
55% of the sample.  Roughly 27% of the sample was two phases different between 
observations, and approximately 19% were more than two phases apart.  As stated 
previously, the composite score will be most affected by observation differences, since all 
three traits affect the overall composite score.  When condensed to age stages, the number 
assigned the same stage increases from roughly 20% to 40-45%.  Just over 90% of the 
clavicles were assigned the same age stage or one stage differently. The amount of 
clavicles that differed by two or more values decreased from approximately 45% for 
composite score to approximately 7% for the age stages.   
Although the strength of agreement is low for both of the inter-observer and intra-
observer tests, the p-values are primarily p < 0.001.  This indicates that the agreement 
between observers or observations are statistically significant despite the low agreement.  
The only observer agreement tests in which p > 0.001 are the inter-observer test for 
osteophyte formation (Right p = 0.003; Left p = 0.205) and the intra-observer test for 
composite scores (Right p = 0.024; Left p = 0.017).   As discussed above, the inter-
observer test for osteophyte formation had disparate results.  This discrepancy might 
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account for the unusually high p-value.  As previously stated, several of the composite 
scores are significantly similar to each other.  This could result in multiple assigned 
scores accurately estimating the age-at-death of the same element, leading to a higher rate 
of error.
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Table 4.11. Frequencies of the difference between score values for the inter-observer agreement test.   
# of 
Stages 
Surface Topography        Porosity Osteophyte Formation Composite Score      Age Stage 
Right Left Right  Left Right Left Right  Left Right  Left 
0 44.0% 46.7% 36.0 % 44.0% 45.3% 48.0% 24.0% 27.0% 44.0% 40.0% 
1 50.7% 48.0% 34.7% 33.3% 50.7% 50.7% 20.0% 24.3% 44.0% 50.7% 
2 4.0% 5.3% 28.0% 21.3% 4.0% 1.3% 28.0% 31.1% 12.0% 9.3% 
3 1.3% 0.0% 1.3% 0.0% 0.0% 0.0% 14.7% 10.8% 0.0% 0.0% 
4 0.0% 0.0% 0.0% 1.3% 0.0% 0.0% 8.0% 5.4% 0.0% 0.0% 
5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 4.0% 1.4% 0.0% 0.0% 
6 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.3% 0.0% 0.0% 0.0% 
 
 
Table 4.12.  Frequencies of the difference between score values for the intra-observer agreement test.  
# of 
Stages 
Surface Topography        Porosity Osteophyte Formation Composite Score      Age Stage 
Right Left Right  Left Right Left Right  Left Right  Left 
0 33.3% 41.9% 51.3% 48.7% 61.5% 63.2% 20.5% 19.8% 49.6% 44.4% 
1 49.6% 45.3% 31.6% 28.2% 38.5% 35.0% 34.2% 31.9% 44.4% 47.9% 
2 15.4% 11.1% 15.4% 18.0% 0.0% 0.8% 27.3% 26.7% 5.1% 6.9% 
3 0.0% 1.7% 1.6% 3.4% 0.0% 0.0% 13.7% 16.4% 0.8% 0.9% 
4 1.7% 0.0% 0.0% 1.7% 0.0% 0.0% 1.7% 2.6% 0.0% 0.0% 
5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.7% 0.0% 0.0% 0.0% 
6 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.8% 0.0% 0.0% 0.0% 
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CHAPTER 5:  DISCUSSION 
 
 An adult age estimation method should be able to produce accurate and precise 
age ranges for older individuals with similar ancestral and socioeconomic backgrounds to 
those in the reference sample.  However, in most cases, adult age estimation methods 
result in wide age intervals or large standard deviations reflecting the variation in the 
morphological changes in skeletal elements.  This validation of the Falys and Prangle 
(2014) method follows this trend, yielding wide age intervals and large standard 
deviations for both the composite score and regression equation methods (Table 3.3).  
This analysis indicates substantial variation in the morphological degeneration of the 
sternal end of the clavicle.   
 
Correctness  
A method’s ability to “correctly” estimate the age of an individual was measured 
by the percentage of individuals whose recorded ages-at-death fell within the age interval 
of their assigned age stage.  As mentioned in Chapter 4, the composite score method 
correctly classified 65.9% of the male sample and 58.8% of the female sample.  The age 
intervals produced in the present study correctly classified 68.5% of the male sample and 
70.3% of the female sample. The correct classification rate is higher for the composite 
scores produced in the present study than the composite scores provided by Falys and 
Prangle (2014).  The higher classification accuracy is a result of the sample-specific age 
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intervals. The age intervals from the present study specifically reflect the population 
observed and should therefore provide more accurate age estimations than age 
estimations using the age intervals provided by Falys and Prangle (2014).  
The regression equation provided by Falys and Prangle (2014) was accurate in 
estimating age for 47.6% of the male sample and 53.8% of the female sample within the 
95% confidence interval.  Comparatively, the equation produced in the current study 
correctly classified 53.4% of the male sample and 47.2% of the female population.  When 
applied to two standard deviations, the original equation correctly classified 73.6% of 
males and 77.2% for females, while the equation developed from the current study’s data 
correctly classified 87.5% of males and 85.9% of females.  As expected, the correct 
classification rates are higher when using the sample-specific equations than when using 
the original equations provided by Falys and Prangle (2014).  
These accuracies are far lower than the 96.4% accuracies stated in the Falys and 
Prangle (2014) article for both methods.  The findings of the present study demonstrate 
that there is large variation in the accuracy found among primary observers of each study.  
The difference in accuracy could be attributed the fact that the Falys and Prangle (2014) 
method is a preliminary study identifying a correlation between the progressive 
degeneration of the sternal end of the clavicle and advancing chronological age.  The 
present study is the first test of the method, therefore the first to test the replicability of 
this method. 
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Transition Analysis 
 The NPhase 2 program was used to determine the chronological age that 
coincides with the morphological change that represents a change from one composite 
score or age stage to the next.  The mean age-at-transitions for porosity from stage 1 to 
stage 2 are 40.25 years (right) and 39.01 years (left), roughly 10 years younger than mean 
ages for surface topography (right: 54.86 years, left: 56.26 years) or osteophyte formation 
(right: 58.96 years, left: 61.43 years).  The mean ages for porosity from stage 2 to stage 3 
are 82.03 years (right) and 86.83 years (left), approximately 10 years older than the mean 
ages for surface topography (right: 76.36 years, left: 77.89 years) or osteophyte formation 
(right: 94.42 years, left: 99.35 years).  The mean ages for porosity from stage 4 to stage 5 
differs by ten years for the left and right sides (124.50 years and 114.90 years, 
respectively).  
 The mean age-at-transitions for osteophyte formation increase rapidly from one 
phase to the next.  The mean ages for the transition from stage 1 to stage 2 are 58.96 
years (right) to 61.43 years (left).  The mean ages of the next transition are 94.42 years 
(right) and 99.35 years (left).  The last transition, from phase 3 to phase 4, has mean ages 
of 116.32 years (right) and 124.89 years (left).  The second and third mean age-at-
transitions are much higher than the second and third mean ages of surface topography 
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and porosity.  This can be contributed to the fact that osteophyte formation was analyzed 
using a four-point scale instead of the six-point scale used for the other two components.  
The transition for osteophyte formation from stage 2 to stage 3 lines up more 
closely with the transition for the other two components from stage 3 to stage 4.  The 
transition for osteophyte formation from stage 3 to stage 4 aligns most closely with the 
other two traits’ transitions from stage 5 to stage 6.  Comparing the second and third 
transition ages for osteophyte formation with the third and fifth transition ages for surface 
topography and porosity accounts for the difference in scales used for osteophyte 
formation and the other two traits.  
The predicted ages at transition are unrealistically high for each of the three traits, 
as well as the age stage transitions.  By the middle transition for each of the individual 
traits, the predicted mean age is between 86 and 100 years of age.  For surface 
topography and porosity, the final two transitions (4 – 5 and 5 – 6) exceed 100 years of 
age.  The transition ages for the age stages are younger than those of the individual trait 
scores, but are still alarmingly high.  The unrealistically high predicted transition ages 
suggests that the variability in degeneration of the clavicle is too wide to be useful in 
providing an accurate age at death. Therefore, this test suggests the degenerative nature 
of the clavicle does not correlate as strongly with age as the original study suggests.   
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Observer Error 
The inter-observer and intra-observer agreement tests produced very low 
agreements.  In general, low inter- and intra-observer agreement is a common problem in 
adult age estimation (Kimmerle et al. 2008).  However, the observer agreements are too 
low to be attributed solely to the nature of adult age estimation methods.  A more likely 
cause of the error is the lack of experience of the observers with qualitative aging 
techniques.  Both observers were master’s level students, with minimal prior experience 
with age estimation, limited primarily to an academic setting.   If conducted by 
anthropologists with more experience with practical application of qualitative methods of 
age estimation, the inter-observer and intra-observer agreements most likely would have 
been considerably higher.  
The low kappa values might be partially attributable to the nature of descriptive 
phase categories.  Morphological methods are heavily used in forensic anthropology for 
estimating age, sex, stature, and ancestry (Buikstra and Ubelaker 2004; Adams and Byrd 
2002; Smith and Boaks 2014).  These methods rely on descriptions of age related skeletal 
changes that are commonly misinterpreted by observers (Jantz et al. 1995; Smith and 
Boaks 2014; Waxenbaum et al. 2010).  Several studies have found high rates of inter-
observer variation attributable to nonstandard descriptions of measurements or landmarks 
(Adams and Byrd 2002; Ross and Williams 2008; Smith and Boaks 2014).  Even among 
experienced investigators, a wide range of variation has been seen in the assignment of 
phase or metric data (Adam and Byrd 2002; Kimmerle et al. 2008; Smith and Boaks 
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2014).  Although the trait descriptions could have contributed to the inter-observer 
variation, it cannot solely account for the excessively low observer agreement. 
 
Study Sample Structure 
It is important to note that the current study sample (from the William M. Bass 
Donated Skeletal Collection and the McCormick Collection) is heavily weighted towards 
midrange adults, 40-60 years of age due to the paucity of individuals over the age of 70 in 
the collections.  The limited number of individuals over the age of 70 years included in 
the current study could have affected the accuracy of the methods utilized.   Small sample 
sizes can produce misleading results that might not be applicable to a larger sample.  The 
study sample included every individual (in both collections) over the age 70 years with 
‘scorable’ clavicles.  Clavicles were considered ‘scorable’ if the bone quality was high 
enough that each of the three degenerative traits could be analyzed.   
Clavicles were excluded for reasons such as antemortem trauma, postmortem 
breakage, and pathological anomalies.  Due to the increased osteophytic activity 
associated with the healing process, clavicles that were fractured antemortem were not 
included in the final data sample.  Clavicles were also excluded if the sternal end was 
obscured by postmortem breakage, hindering the ability to score the three degenerative 
traits.  Clavicles with pathological conditions and anomalies were noted during data 
collection, but were excluded from the final data sample.   
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Anomalous Morphology 
The most commonly observed anomaly was a central concavity on the sternal end 
of the clavicle (Figure 5.1).  Several clavicles exhibited a ‘caved-in’ sternal end, as if the 
bone had folded in upon itself.  There is no known research studying the presence or 
cause of a concavity on the sternal end of the clavicle.  This anomaly was not accounted 
for in the original Falys and Prangle (2014) method; therefore, they were excluded from 
the main sample data.  However, a record of the clavicles expressing the anomaly was 
kept in order to assess any trends that should be studied further in the future.    
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Figure 5.1. Examples of the abnormal concavity (arrows) of the sternal end of the 
clavicle.  
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Figure 5.2. Example of bilateral symmetry in the abnormal concavity of the sternal end of 
the clavicle.   
 
 
This anomaly was observed on approximately 8% of the sample (n = 126 
individuals).  Of the 126 clavicle pairs exhibiting this anomaly, 83 clavicle pairs (65.9%) 
exhibited the anomaly bilaterally (Figure 5.2).  The other 43 individuals (34.1%) had the 
anomaly present on only one of the clavicles.  The unilateral expression of the anomaly 
did not show side dominance, being present on 23 left clavicles (53.5%) and 20 right 
clavicles (46.5%).  Of the 83 individuals with bilateral expression, 31 pairs (37.3%) show 
equal morphological change on the right and left clavicles (Figure 5.4).  The other 52 
pairs (62.7%) show unequal expression of the anomaly between the left and right 
clavicles.  The right clavicle showed more prominent abnormality in 24 of the 52 pairs 
(46.2%), while the left clavicle expressed the trait more prominently in the other 28 pairs 
(53.8%).  
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Individuals with the anomaly ranged in age from early 20s to late 80s, suggesting 
the anomaly was not age related.  Both female and male individuals exhibited this 
anomaly, suggesting the morphological anomaly is not a sexually dimorphic trait.  The 
preliminary observations suggest the morphological anomaly is not dependent on sex or 
handedness.  Further research must be conducted to determine whether this abnormality 
is a pathological condition or natural human variation. 
 
Differences Between Left and Right Elements 
 Degenerative changes to the shoulder joint may be affected by habitual movement 
such as occupational activity and handedness (Falys and Prangle 2014).  Falys and 
Prangle (2014) used a paired sample t-test to compare the composite scores of the left and 
right clavicles of a subsample (right clavicles, n = 564; left clavicles, n = 546) to 
determine if the stages of degeneration were bilateral.  The original study did not find a 
statistically significant difference the left and right sides with the exception of the sample 
from the Coimbra Human Identified Osteological Collection (t = -2.24, df = 165, p = 
0.027).  
 Unlike the Falys and Prangle (2014) study, the present study found a significant 
difference between left and right clavicles.  Paired t-tests were conducted for each 
individual trait, the composite scores, and the age stages to compare the left and right 
clavicle scores.  The only component that did not have a statistically significant 
difference was porosity (t = 1.888, df  = 1,401, P = 0.059).  The tests for surface 
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topography, osteophyte formation, composite score, and age stage produced statistically 
significant results (p<0.001). These results suggest the degenerative changes to the 
sternal end of the clavicle may not be as bilaterally symmetrical as Falys and Prangle 
(2014) results imply and should be considered in any future test of the method.  
 
Differences Between Males and Females  
 A common concern in osteological analysis is the presence of sexually dimorphic 
skeletal features (Buikstra and Ubelaker 1994).  Falys and Prangle (2014) compared the 
composites scores of females and males using a t-test to determine if there was any 
significant difference between the sexes.  They found a tendency for the mean age of 
female skeletons to be greater than the mean age of male skeletons for the same 
composite score.  This trend toward older mean ages for females is also present in the 
current study, as evident in the results of the t-tests performed on the current study 
sample (Table 5.1).    
 Along with the t-test results, the tests for correctness emphasize the disparity 
between males and females.  Whereas the percentage of correct classifications using the 
composite score method for males ranges between 46.0% - 98.6%, the female correct 
classification rate ranges from 50.0% - 69.4%.  On average, the correct classification rate 
for females is at least 10% lower than that of the males.  The exact cause of this disparity 
is unknown; however, there are several potential factors that could be involved. First, the 
uneven ratio of males to females most likely contributed to the contrasting results. 
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Table 5.1. T-test results comparing age for males and females. 
 
Composite 
Score Observations 
Mean Difference 
(female-male) 95% CI P-value 
3 332 0.920 -1.982 – 3.821 0.533 
4 355 1.985 -1.393 – 5.364 0.249 
5 212 0.490 -4.470 – 5.450 0.846 
6 174 9.869 4.466 – 15.271 0.000 
7 101 5.589 -1.998 – 13.176 0.147 
8 59 12.925 4.428 – 21.423 0.004 
9 40 10.486 -2.419 – 23.391 0.108 
10 30 2.950 -7.303 – 13.203 0.560 
11 23 4.767 -10.118 – 19.651 0.513 
12 20 6.394 -0.955 – 13.743 0.905 
13 21 5.929 -1.622 – 13.479 0.117 
14 15 5.477 1.324 – 9.630 0.014 
15 7 3.000 -21.958 – 27.958 0.770 
16 13 2.167 -10.027 – 14.361  0.703 
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The sample used consisted of 1,112 males and 398 females.  The uneven distribution is a 
result of the relative paucity of female skeletons available for examination.  In a small 
sample, variance among scores will have a greater affect than variance in a larger sample.  
Therefore, variance within the female population will influence the correct classification 
rate more strongly than variance within the male population.  
 Another factor that could have impacted the difference between classification 
rates is the sexually dimorphic changes associated with aging.  In the case of this study, it 
is important to consider the effects of osteoporotic bone activity.  The expression of 
osteoporosis is influenced by a number of factors including increased age, nutrition, and 
genetic predisposition (Brickley and Ives 2008; Compston et al. 1998; de Pina et al. 
2008; Gowland 2007; Macho et al. 2005).  Another factor known to affect the expression 
of osteoporosis which could account for the difference in classification rates is 
menopause (Aufderhelde and Rodriquez-Martin 1998; Brickley and Ives 2008; Ortner 
2003).  Menopause is the total cessation of the menstruation process in women, typically 
beginning once a female reaches 50 years of age (Pavelka and Fedigan 1991). 
Brickley and Ives (2008) found that there is an increase in bone remodeling in 
menopausal women, characterized by a 90% increase in bone resorption and a 45% 
increase in bone formation. It should be noted that this increased risk accounts for the 
expression of osteoporosis, not the degree of bone loss.  The degree of bone loss 
associated with osteoporosis is highly variable, which could affect the expression of the 
degenerative traits evaluated in the current study. This tendency towards osteoporosis in 
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menopausal women could create the variation that caused the disparate classification 
rates between males and females. 
 
Forensic Application  
Falys and Prangle (2014) suggest the broad 95% confidence intervals for the 
composite score method and regression equations do not provide the precision essential 
to forensic application.  However, when compared to other commonly used adult aging 
methods, the age intervals are comparable.  The later three stages of the Suchey-Brooks 
method have broad age intervals spanning 30 to 60 years.  Phase 5 has an interval of 25-
83 years for females and 27-66 years for males (Brooks and Suchey 1990).  Hartnett 
(2010) revised the original Suchey-Brooks method and added a Phase 7 to account for 
older individuals. However, Phase 7 has an interval of 62-99 years for females and 58-97 
years for males.  Although a vast improvement from the Suchey-Brook Phase 6 age 
intervals of 42-87 years for females and 34-86 years for males, the Hartnett (2010) Phase 
7 intervals still span roughly 40 years.   
The Falys and Prangle (2014) study produced age ranges spanning 25-38 years. 
The broadest range is associated with age stage III (males: 47-85 years, females: 53-91 
years), while the smallest range is associated with age stage I (males: 36-61 years, 
females: 35-63 years).  The last phase, age stage V, has an age interval of 70-97 years.  
Compared to the broad ranges of the Suchey-Brooks and Hartnett (2010) methods, the 
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age intervals provided in Falys and Prangle (2014) show promise for pinpointing a more 
precise age range for older individuals. 
The current study produced similar 95% confidence intervals to those presented in 
Falys and Prangle (2014).  The age intervals span 17-30 years for males and 10-33 years 
for females. The smallest interval is associated with age stage V (males: 75-92 years, 
females: 83-93 years).  The largest age intervals are associated with age stages I (males: 
31-61 years, females: 30-62 years) and III (males: 49-79 years, females: 62-90 years). 
Overall, these 30-year age intervals are still more precise than the phases provided by the 
Hartnett (2010) and Suchey-Brooks methods.  
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CHAPTER 6:  CONCLUSIONS 
 
The present study examined 1,510 pairs of clavicles to test the utility of the Falys 
and Prangle (2014) component-based method for aging older individuals on a modern 
forensic sample.  The study sample was primarily selected from the McCormick 
Collection, and the older age cohorts were supplemented with individuals from the 
William M. Bass Donated Skeletal Collection at the University of Tennessee, Knoxville, 
TN.  The sample was comprised of 1,112 males and 398 females ranging from 20 to 101 
years of age.  Due to the limited number of individuals in the collections over the age of 
70 years, the sample is heavily weighted toward younger adult age cohorts. 
Individuals’ ages-at-death were estimated using the age intervals, means, and 
standard deviations published by Falys and Prangle (2014).  Descriptive statistics for the 
composite score and regression equation methods were calculated for the present study 
sample and compared to those of their research.  Percentages of “correct” age estimations 
for the present study sample were calculated and compared to the accuracies reported in 
the original study.  A subsample of 75 individuals (150 clavicles) was assessed by a 
second observer, and inter-observer agreement was determined using a kappa statistic.  A 
subsample of 150 individuals (300 clavicles) was reexamined by the author to find the 
rate of intra-observer agreement.  Finally, the results of the present study were compared 
to those reported by Falys and Prangle (2014).  
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Subjectivity of Qualitative Methods 
The field of forensic anthropology is transitioning towards an approach 
emphasizing the use of component-based methods for age estimation (DiGangi et al. 
2009; Milner and Boldsen 2012; Verzeletti et al. 2010).  However, the present research 
supports the argument that descriptive component-based scoring methods are highly 
subjective.  The interpretation of trait descriptions is influenced by the practitioner’s 
previous experience with skeletal remains and their familiarity with the practical 
application of such techniques (Adams and Byrd 2002).  However, observer error occurs 
even among the most experienced of observers.  Several authors have addressed the inter-
observer variation that occurs in a range of skeletal measurements commonly used by 
forensic anthropologists (Adams and Byrd 2002; Dror 2013; Nakhaeizadeh et al. 2014; 
Smith and Boaks 2014).  These studies have shown that descriptive methods will always 
have a level of subjectivity and bias that must be accounted for.   
Both of the methodologies analyzed in this study struggle to describe and quantify 
the highly variable process of degeneration that occurs on the sternal end of the clavicle.  
Although the correlations and age-at-transitions suggest the degeneration is reflective of 
age, the accuracy of the trait evaluations is relatively low.  There is significant variation 
between observers as well as between separate observations from the same observer.   
The variability in accuracy and observer agreement can be partially attributed to the need 
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for standardization of terminology and descriptions for qualitative methods of age 
estimation.   
 
Future Areas of Research  
 The results of the present study indicate that Falys and Prangle (2014) is not 
sufficiently accurate as an age-at-death estimation technique in its current state.  
However, as stated before, the present study is the first test of the preliminary research 
published by Falys and Prangle (2014).  The results of the present study were 
significantly less accurate than those reported in the original research.  Although the 
results do not reflect the original findings, the correlations and age-at-transitions suggest 
the sternal end of the clavicle deteriorates in a somewhat predictable manner with 
increasing chronological age.  With further testing and refining, this method has the 
potential to provide accurate and precise age estimations for elderly individuals.   
 
Future Explorations Recommended by Falys and Prangle (2014) 
Falys and Prangle (2014) mentioned several factors relating to this aging method 
that need to be investigated more thoroughly.  The present study addressed two of the 
issues Falys and Prangle (2014) highlighted.  The present study sample included 
individuals as young as twenty years old and the results indicated the inclusion of 
individuals under the age of 40 years does not significantly affect the accuracy of the 
method.  The present study also examined both left and right clavicles to test for the role 
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of handedness and occupational activity in the degeneration of the sternoclavicular joint.  
Unlike the results reported by Falys and Prangle (2014), the present study found a 
significant difference between the left and right clavicles.  These results support the need 
for further investigation into the asymmetry of the joint degeneration. 
 Falys and Prangle (2014) emphasize the importance of detailed descriptions and 
photographs for qualitative component-based methods.  Based on the original study’s 
observer error tests, the authors suggest that better, more detailed descriptions and 
photographs are required for reliable application of the technique.  In hopes of creating 
more reliable descriptions, the present study used notes from the article’s text to produce 
revised descriptions of the trait scores.  The results did not show improvement from the 
original study, suggesting the descriptions are still in need of revision.   
Falys and Prangle (2014) also suggest the production of three dimensional casts 
would be more beneficial than merely written descriptions and photographs.  Other 
methods such as Brooks and Suchey (1990) and İşcan et al. (1985) utilize three 
dimensional casts of exemplars for each progressive phase.  The casts provide a visual 
representation of the morphological traits that are being observed, which could assist in 
standardizing the evaluations made by different observers.  The production of clavicle 
casts associated with the progressive stages of degeneration developed by Falys and 
Prangle (2014) could improve the accuracy and reliability of the method.  Since this was 
the first test of the method, the author chose to focus on testing the accuracy and 
reliability of the method instead of adding another dimension to it. 
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Implication of Unusual Bone Morphology 
 As discussed in the previous chapter, an anomalous morphology was present on 
approximately 8% of the sample population.  Although present in only a small percentage 
of the sample population, this abnormality affects an observer’s ability to score the three 
degenerative traits.  Therefore, the anomaly should be observed and studied in more 
detail in the future.  Currently, there is no research on this morphological abnormality, 
and Falys and Prangle (2014) did not address this anomaly.  Whether or not the anomaly 
was present in the sample used in the original study is uncertain.  Based on the initial 
observations conducted in the present study, the anomaly is not age related, sexually 
dimorphic, or side-dominant.  Future research should be conducted to study the cause and 
development of the concavity.  
 
Future Direction  
The results from this study suggest the three degenerative traits observed are 
indicative of increasing age.  However, the results from the current study do not support 
the high accuracy rates produced in the original article.  In order to improve this method, 
additional testing and refining must be completed.  As is true with all qualitative 
methods, increased familiarity with the score descriptions should improve the inter-
observer and intra-observer agreement.  The present research shows there is still a 
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significant amount of research that is needed in order to understand the aging process in 
skeletal material. 
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